Summary: Regional cerebral glucose utilization (rCMRglu) was studied during mild hypoxic hypoxia in awake free-ranging rats. Rats were prepared with chronic arterial and venous catheters and placed in individual chambers for 4 days to recover from surgery before the experiments. The catheters were accessible by passing them through the top of the chambers. Hypoxia was in duced by filling the chambers with a gas mixture con sisting of 11 % O2 in a balance of N2• Regional CMRglu and physiological parameters were measured in normoxic controls and in rats that had been hypoxic for 2 and 17 min before beginning the measurements. Regional CMRglu was measured in 17 brain regions using [6-14C]glucose. Pao2 decreased from 88 mm Hg in the Cerebral energy metabolism and blood flow have been extensively studied during severe hypoxic hypoxia when P aco2 was maintained at normal ten sions or was allowed to decrease (for references see Siesjo, 1978; To rbati et aI. , 1986). During hy poxia, cerebral blood flow increases and cerebral oxygen consumption is unchanged or increased (Kety and Schmidt, 1948; Cohen et al., 1967; 10-hannsson and Siesjo, 1975; Berntman et al. , 1979; Neubauer and Edelman, 1984) . In adult animals and humans, it is generally considered that cerebral glucose utilization increases during hypoxia (Cohen et al. , 1967; Hamer et al. , 1976; Borgstrom et al., 1976; Torbati et al. , 1986; Beck and Krieglstein, 1987) , although in one study, in which regional rates were measured, an overall increase in glucose Abbreviations used: rCBF, regional cerebral blood flow; rCMR g l u, regional cerebral glucose utilization.
Summary: Regional cerebral glucose utilization (rCMRglu) was studied during mild hypoxic hypoxia in awake free-ranging rats. Rats were prepared with chronic arterial and venous catheters and placed in individual chambers for 4 days to recover from surgery before the experiments. The catheters were accessible by passing them through the top of the chambers. Hypoxia was in duced by filling the chambers with a gas mixture con sisting of 11 % O2 in a balance of N2• Regional CMRglu and physiological parameters were measured in normoxic controls and in rats that had been hypoxic for 2 and 17 min before beginning the measurements. Regional CMRglu was measured in 17 brain regions using [6-14C] glucose. Pao2 decreased from 88 mm Hg in the Cerebral energy metabolism and blood flow have been extensively studied during severe hypoxic hypoxia when P aco2 was maintained at normal ten sions or was allowed to decrease (for references see Siesjo, 1978; To rbati et aI. , 1986) . During hy poxia, cerebral blood flow increases and cerebral oxygen consumption is unchanged or increased (Kety and Schmidt, 1948; Cohen et al., 1967; 10-hannsson and Siesjo, 1975; Berntman et al. , 1979; Neubauer and Edelman, 1984) . In adult animals and humans, it is generally considered that cerebral glucose utilization increases during hypoxia (Cohen et al. , 1967; Hamer et al. , 1976; Borgstrom et al., 1976; Torbati et al. , 1986; Beck and Krieglstein, 1987) , although in one study, in which regional rates were measured, an overall increase in glucose controls to -40 mm Hg during hypoxia. In the early stages of hypoxia (2-12 min), rCMRglu increased -] 0-25% above the control rates. In later stages of hyp oxia (17-27 min), rCMRgl u was not different from that in the normoxic controls. The increase in rCMRgiu in the early hypoxia was not blocked by propranolol 0.4 mg/kg), indicating that beta-adrenergic receptors were not involved with the increase in rCMRgl u' It was con cluded that mild hypoxia is associated with an increased rate of cerebral glucose utilization; however, the increase is transitory, with glucose utilization returning to control rates before 17 min. Key Words: Regional cerebral glu cose utilization-Cerebral energy metabolism-Hyp oxia-Rats-Propranolol-Beta adrenergic receptors. utilization was not found (Miyaoka et al. , 1979) . Changes in tissue lactate support the idea that the glycolytic rate is increased during hypoxia (Nor berg and Siesjo, 1975) .
Unlike more severe hypoxic hypoxia, cerebral energy metabolism and blood flow have not been as extensively studied during mild hypoxia (Hamer et al. , 1976; Kintner et al. , 1984; Underwood et al. , 1987) . In the present study, we measured regional cerebral glucose utilization (rCMRglu) during mild hypoxic hypoxia (Pao2 �40 mm Hg) to determine if mild hypoxia, like more severe hypoxia, stimulates glucose utilization. Our studies were performed on awake, free-ranging, and otherwise unstressed rats (Bryan et al. , 1983; , since To rbati et al. (1986) suggested that the brain's response to acute hypoxia may be affected by anesthesia and the degree of stress.
Preliminary results of this study were presented at the annual meeting of the Society for Neuro science, Washington, D. C. , November 9-14, 1986 .
MATERIALS AND METHODS

Materials
Enzymes and coenzymes were purchased from Boehringer Mannheim, Indianapolis, IN, U.S.A.; [6-14C]glucose (-50 mCi/mmol) was purchased from New England Nuclear, Boston, MA, U.S.A.
Animal preparation
Experiments were performed on male Long-Evans rats (Charles River, Wilmington, MA, U.S.A.) weighing between 300 and 380 g. With the rats under pentobarbital anesthesia (65 mg/kg), two catheters were inserted into the right jugUlar vein and advanced to the right atrium, and a third catheter was inserted into the abdominal aorta (Bryan et ai., 1983; . The catheters were passed under the skin to the back of the neck, where they exited. After surgery the rats were individually housed in special chambers and allowed to recover for 4 days be fore the experiments were performed. The catheters were accessible from the outside of the chambers, allowing rCMRglu to be measured without disturbing the rats. The chambers were equipped with a fan, a light controlled by a timer, a one-way mirror, and food and water (Bryan et al., 1983; .
Experimental protocol
Series I. Rats were randomly divided into three groups: one normoxic and two hypoxic groups. Rats in the hypoxic groups had their chambers rapidly filled with a gas mixture consisting of 11 % Oz and 89% Nz. The rate of flow of the hypoxic gas mixture into the chamber was sufficient to achieve 90% of the desired Oz reduction in the chamber after 2 min as determined by an oxygen ana lyzer. The normoxic control rats had their chambers flushed with air at the same rate of flow used for the hyp oxic gas mixture. Regional CMRglu was measured in the normoxic control rats beginning 2 min after air was blown into the chambers. Regional CMRglu was measured in the hypoxic rats beginning 2 min after the hypoxic gas mix ture was blown into the chambers in one hypoxic group and 17 min after the hypoxic gas mixture was blown into the chambers in the other hypoxic group. Regional CMRglu was measured over 5 and 10 min in each of the three groups of rats (see below). The periods of hypoxia in the 2-min hypoxic group and the 17-min hypoxic group will be referred to as 2 and 17 min of hypoxia, although the actual rCMRglu measurement does not reflect exactly 2 and 17 min of hypoxia owing to the length of time over which the measurement was made. Midway through the measurement of rCMRglu, heart rate and mean arterial blood pressure (MABP) were measured, and blood samples were taken for the measurement of plasma glu cose, blood gases, and pH. Blood pressure was measured with a pressure transducer and recorded on a strip chart recorder; heart rate was calculated from the pressure tracing by counting the number of systolic intervals per unit time. Plasma glucose was determined using a glucose analyzer (Beckman Instrument Co., Brea, CA, U.S.A.). Blood gases and pH were measured on 0.15 ml of arterial blood using a BMS 3 Blood Microsystem (Radiometer, Copenhagen, Denmark). Rectal temperature was mea sured at the termination of the experiment.
Series II. Rats were randomly divided into four groups.
Regional CMRglu was measured during normoxia in two groups and after 2 min of hypoxia in the remaining two J Cereb Blood Flow Metab. Vol. 8. No.4. 1988 groups. Rats in one of the norm oxic groups and one of the hypoxic groups received propranolol (1.4 mg/kg i.v.) 13 min before rCMRglu was measured. In preliminary ex periments we determined that this dose of propranolol was sufficient to completely block the hypotension pro duced by isoproterenol (10 f,Lg/kg i.v.). Regional CMRglu was measured over 8 min in all four groups in series II. With the above noted exceptions, the normoxic groups and the 2-min hypoxic groups were treated in a manner identical with that described for the corresponding groups in series I.
Measurement of rCMR gl u
Regional CMRglu was measured using [6-14C]glucose as described by Hawkins et ai. (1985) , with slight modifica tions (Bryan et ai., 1983 (Bryan et ai., , 1986 Bryan and Lehman, 1988) . After injection of 40 f,LCi of labeled glucose into the right atrium through one of the jugular catheters, arterial blood samples were withdrawn at predetermined time intervals for measurement of plasma-specific activities. Rats in each of the three groups were killed with a cardioplegic dose of pentobarbital after either 5 or 10 min in series I and after 8 min in series II (see below for explanation). The brains were rapidly removed, and tissue from 17 brain regions was weighed, solubilized, and counted for radioactivity in a liquid scintillation counter. In several of the initial experiments, tissue samples were taken from half of the brain and the other half was frozen in Freon and sectioned for the auto radiographic determination of brain radioactivity. The autoradiography was to deter mine if there were any unusual patterns of rCMR gi u during mild hypoxia as seen during severe hypoxia (Miyaoka et ai., 1979; Torbati et ai., 1986; Beck and Krieglstein, 1987) . The rCMRglu was calculated from the specific activities of the plasma samples and radioactivi ties per unit mass of the brain regions (Hawkins et ai., 1985) .
The brain-to-plasma glucose ratio, necessary for calcu lating rCMRglu (Hawkins et ai., 1985) , was determined in hypoxic rats in a separate experiment (Bryan et ai., 1983) . Rats were surgically prepared as described above, placed in the special chambers, and subjected to either 12 or 27 min of hypoxia. These hypoxic periods represent the times at which the lO-min rCMRglu measurement would be terminated. After a blood sample was with drawn for the determination of plasma glucose concen tration, ketamine (5 -10 mg) was infused intravenously until the rats were lightly anesthetized. Each rat was im mediately placed in a plastic bag containing the same hypoxic atmosphere as the chamber, removed from the chamber, and placed in a "freeze blowing" apparatus (Veech et ai., 1973) for obtaining brain tissue samples. The samples were obtained 15-30 s after beginning tne ketamine infusion. The plasma and brain tissue were as sayed for glucose using hexokinase and glucose-6-phos phate dehydrogenase, and brain tissue was assayed for lactate using lactate dehydrogenase (Bergmeyer, 1974) . The brain-to-plasma glucose ratio in normoxic rats was not measured in this study because it had been previously determined in other studies (Bryan et ai., 1983 (Bryan et ai., , 1986 Bryan and Lehman, 1988 In order to determine if rCMRglu was underestimated because of loss of [I4C]lactate from the brain, rCMRglu was measured over 5 and 10 min in each of the three groups of rats in series I. If 14C was being lost as [I4C]lac tate, then more tracer would be lost from the brain after 10 min than after 5 min. Thus, the calculated rate of rCMRglu would be less when measured over longer time periods. Regional CMRglu measured over 10 min in each of the three groups in series I was not statistically dif ferent for any brain region studied when compared with rCMRglu measured over 5 min in the same group. If 14C was being lost from the brain, then it was not enough to significantly alter the calculated rates when measured over the two time periods. Therefore, regional CMRglu measured at any time period between 5 and 10 min would be suitable for these hypoxic studies. The rates of rCMRglu reported for the experiments in series I are the combined rates of each experimental group measured over the two time periods. We arbitrarily chose 8 min as the time period over which rCMRglu was measured for the four groups in series II.
In order to determine if [I4C]lactate in the plasma samples was making the specific activities artifactually high, lactate (as well as other anions) was separated from glucose in the plasma samples using an anion exchange column. The radioactivity in the anion fraction (i.e., lac tate) was expressed as a percent of the total radioactivity in each sample. Correcting the plasma-specific activities for the presence of [I4C]lactate in plasma did not change the calculated rates of rCMRglu in any of the groups when rCMRglu was measured over 5 min. When rCMRglu was measured over 10 min, correcting the plasma-specific ac tivities did not change the calculated rates of rCMRglu in the rats that were hypoxic for 2 min, and changed them only by 1-3% in the rats that were hypoxic for 17 min. Therefore, any effect of [14C]lactate in the plasma samples was either absent or minimal over the time pe riods of this study.
Statistical analysis
The means of the physiological measurements (Tables 1  and 3) were compared using the analysis of variance and the t test for pooled samples with a Bonferroni correction for multiple comparisons. The rates of rCM�u ( Table 2 and Fig. 1 ) were analyzed by repeated measures analysis of variance (Winer, 1971 ) using the SAS General Linear Models Analysis.
RESULTS
The brain-to-plasma glucose ratio after 12 min (n = 2) and after 27 min (n = 5) of hypoxia was 0.21. This is the same ratio calculated on three different occasions for normoxic rats (Bryan et aI., 1983 (Bryan et aI., , 1986 Bryan and Lehman, 1988) . Consequently, we used this ratio to calculate rCMRgJu in all groups of rats in this study.
Series I. The physiological parameters of the normoxic group and two hypoxic groups are shown in Ta ble 1. Pao2 decreased from 88 mm Hg in the normoxic control rats to -40 mm Hg in the two hypoxic groups. Paco2 decreased and pHa in creased during hypoxia because of hyperventila tion. MABP decreased during hypoxia, but the de crease was significant only in the group of rats that was hypoxic for 17 min before the measurements were begun. Body temperature was unchanged.
During the rCMRg1u measurement normoxic rats were, for the most part, quiet and still; however, there were periods during the measurement that the rats ate, drank, groomed, or explored the chamber. The hypoxic rats were quiet and very still throughout the hypoxic episode.
The rates of rCMRg1u for the three groups in series I are shown in Ta ble 2. In rats that were hyp oxic for 2 min before the measurements were begun, rCMRg1u increased in every brain region when compared with the rates in the normoxic con trol rats. The increase was statistically significant in 13 of the 17 brain regions studied and ranged from a 10% increase in the medulla to a 21 % in crease in the caudate-putamen, thalamus, and hy pothalamus. In rats that were hypoxic for 17 min before the measurements were begun, rCMRgJu was not significantly increased in any of the brain re gions studied, compared with the normoxic con trols. The autoradiographic determination of brain ra dioactivity revealed no unusual pattern of rCMRg\u during mild hypoxia.
Series II. The physiological parameters of the four groups of rats in series II are presented in Ta ble 3. The changes occurring during hypoxia in both the untreated and the propranolol-treated groups were similar to those reported in the series I study with one exception: MABP significantly de creased in the propranolol-treated rats after 2 min of hypoxia.
Regional CMRg\u was not affected by the admin istration of propranolol; i.e., rCMRg\u in the nor- moxic propranolol-treated group was not signifi cantly different from that in the normoxic untreated group for all brain regions studied. Figure 1 shows rCMRg\u in the two hypoxic groups expressed as a percent of rCMRg\u for their corresponding nor moxic control groups. In the untreated hypoxic group, rCMRg\u was significantly increased above the control rate for all brain regions studied (Fig. 1) . The same general pattern reported in series I was seen in series II, although the increase was slightly greater in the latter study. Regional CMRg\u for all brain regions was greater in the propranolol-treated hypoxic rats than in the propranolol-treated nor moxic rats (Fig. 1) ; 13 of 17 brain regions were sta tistically significant. The increase in rCMRg\u in the propranolol-treated rats during hypoxia was similar to the increase seen for the untreated rats; how ever, in general, the increase was slightly less. Glu cose utilization for individual brain regions in the propranolol-treated hypoxic rats was not signifi cantly different from that in the untreated hypoxic rats, with the exception of the hippocampus. The test for between-subject effects revealed that rates of rCMRgiu as a whole were not significantly dif ferent for the two groups. Therefore, propranolol did not abolish or attenuate the increase in rCMRgiu during hypoxia except in the hippocampus.
DISCUSSION
The oxygen concentration in the chamber during hypoxia (11 % 02) was equivalent to an altitude of �5,000 m (16,000 ft) (Heath and Williams, 1981) and was accompanied by a drop in Pao2 from 90 mm Hg to �40 mm Hg. This Pao2 during hypoxia was slightly above the P50 for rat blood (Schmidt Nielsen and Larimer, 1958) . However, the increase in pH that occurred during hypoxia (Tables 1 and 3) would shift the arterial saturation curve to the left and thus produce a greater saturation for the given Po2. The oxygen content of blood in the hypoxic rats was, therefore, assumed to be somewhat greater than half the content during normoxia. Regional CMRglu increased during this level of hypoxia; however, the increase was transitory (�2-12 min) and returned to the normoxic rates by � 17 min. The increase was statistically significant in 13 of the 17 brain regions measured in series I and ranged from a 10% increase to a 21% increase. Although rCMRgiu in four regions was not statisti cally different from that in the controls, the data suggest a global increase. In fact, when the same experiment was repeated in series II, all 17 brain regions reached statistical significance and ranged from a 10 to 27% increase.
It is possible that the decrease in MABP occur ring in the 17 -min hypoxic group (Table 1) was re sponsible for reducing rCMRgiu from the elevated rate seen in the 2-min hypoxic group, to the rate in the normoxic controls. However, Savaki et al. (1982) showed that while hypotension (50 mm Hg) increased rCMRgiu in a few nuclei that were asso ciated with the control of blood pressure, other re gions were not affected. Thus, hypotension per se should not have affected rCMRgiu in the 17-min hypoxic group.
There have been only a few quantitative studies of CMRglu during mild hypoxia. First, Hamer et al. (1988) reported that whole brain glucose utilization in anesthetized, artificially ventilated dogs in creased 235% when P a02 was decreased to 50 mm Hg. When Pao2 was further decreased to 30 mm Hg, whole brain CMRglu increased to 347% of the control. The increase reported by Hamer et al. (1976) is much greater than the increase we found during mild hypoxia in the rat. In fact, the increase reported by Hamer et al. (1976) is greater than the increase for severe hypoxia reported in rats (Tor bati et aI., 1986; Beck and Krieglstein, 1987) . Perhaps the fact that anesthetized dogs were used in the study, as opposed to awake rats, led to the differences in magnitudes of increase in CMRglu • Underwood et al. (1987) measured rCMRgiu and regional cerebral blood flow (rCBF) in chloralose anesthetized, paralyzed, and artificially ventilated rats when Pao2 was decreased to 36 mm Hg. The studies were begun � 12-15 min after the onset of hypoxia. The authors reported that rCMRglu in the hypoxic rats was not different from that measured in the normoxic controls while rCBF was increased 60-100% above control levels. Given the time that the rCMRg\u measurement was begun and the time period over which the 2-deoxyglucose measure ment was made, the results reported by Under wood et al. (1987) should roughly correspond to those in our 17-min hypoxic group. We would have predicted that rCMRg\u would return to the control rates after a transient increase by the time U nder wood et al. (1987) made their measurements. Thus, our results are consistent with the above-mentioned study. If the response to mild hypoxia is the same for our awake rats as in the anesthetized rats, then rCBF was increased in the 17-min hypoxic group in our study when rCMRg\u was not elevated.
The 10-27% increase during mild hypoxia in our study compares to a 40-100% increase in rats during more severe hypoxia (P a02 = 30 mm Hg) (Torbati et aI. , 1986; Beck and Krieglstein, 1987) . The much larger increase in rCMRg\u during severe hypoxia might be expected, since it is a much greater stress and creates a greater metabolic dis turbance than mild hypoxia. For example, Paco2 decreased to � 30 mm Hg during mild hypoxia (Tables 1 and 3) , whereas it decreased to �21 mm Hg or below during severe hypoxia (P a02 = 28 mm Hg) (Torbati et aI. , 1986; unpublished finding) , and brain lactate increased by � 130% during mild hy poxia (unpublished) but increased over 600% during severe hypoxia (Pa02 = 23 mm Hg; unpublished finding).
During severe hypoxia the pattern of glucose uti lization in the cortex is altered from the normoxic pattern. Several investigators have reported the ap pearance of radial bands of high and low rates of glucose utilization in the cortex during severe hyp oxia (Miyaoka et aI. , 1979; To rbati et aI. , 1986; Beck and Krieglstein, 1987) . Pulsinelli and Duffy (1979) reported the same type of pattern in a rat model of combined hypoxia and ischemia ("Le vine" preparation). These alternating bands are not present in normoxic rats. We did not see these cor tical bands of high and low rates of glucose utiliza tion during mild hypoxia. Since the bands probably correspond to areas of higher and lower oxygen tensions (Pulsinelli and Duffy, 1979) , it can be con cluded that oxygen delivery during mild hypoxia had not reached a critical state which produced such alterations in the distribution of tissue oxygen tensions and thus glucose utilization.
There is evidence to suggest that the increase in cerebral energy metabolism during severe hypoxia J Cereb Blood Flow Metab, Vol. 8, No. 4, 1988 may be mediated by epinephrine and/or norepi nephrine. Berntman et al. (1979) reported that the CMR02 increased 100% in one strain and 25% in another when Pao2 was reduced to 25 mm Hg. The increase in CMR02 could be attenuated in the first strain by prior adrenalectomy, indicating that ele vated plasma catecholamines are partially respon sible for the increase in CMR02 • In the second strain, adrenalectomy had no effect on the re sponse; however, diazepam attenuated the increase in CMR02 during the hypoxia. Since diazepam can block the increase in norepinephrine turnover that occurs during stress, the authors suggested that the increase in CMR02 in the second strain of rats was partially due to increased activity in cerebral cate cholaminergic neurons.
Because catecholamines stimulate metabolism through beta-adrenergic receptors (Siesjo, 1978) re gardless of whether their origin is the adrenal me dulla or the central nervous system, we treated rats with propranolol prior to hypoxia to test the hy pothesis that mild hypoxia, like severe hypoxia, is associated with a catecholamine-related increase in cerebral energy metabolism (i. e. , rCMRg\u)' Our studies show that rats pretreated with propranolol had increases in rCMRg\u during early hypoxia (�2-1 0 min) that were not significantly different from the increases in untreated rats, with the ex ception of the hippocampus. Unlike severe hyp oxia, therefore, mild hypoxia is not associated with a catecholamine-stimulated increase in energy me tabolism.
Because catecholamines do not appear to be in volved with the response to mild hypoxia, perhaps the mechanism for the transitory increase in rCMRg\u is a direct effect on energy metabolism within the neurons. At the onset of hypoxia there may be a transient imbalance in production and uti lization of ATP (Norberg and Siesjo, 1975) . The in crease in the glycolytic rate may contribute to the maintenance of energy homeostasis during this im balance (Siesjo, 1978) . Direct measurements of CMRg\u at two time periods during hypoxia, shortly after onset and 15-17 min after the onset, show that the stimulation of glycolysis is greatest initially and then is reduced for both severe (Borgstrom et al. , 1976) and mild hypoxia (this study). Metabolite studies have confirmed this observation for severe hypoxia (Norberg and Siesjo, 1975) .
We have shown that regional cerebral glucose utilization increases during mild hypoxia. The in crease is not as great as the increase during severe hypoxia, and the response is transitory, with rCMRg\u returning to the normoxic rates by 17 min of hypoxia.
